Transient replication assays using Autographa californica multiple nucleopolyhedrovirus (AcMNPV) and Choristoneura fumiferana multiple nucleopolyhedrovirus (CfMNPV) genes suggested that the interactions between P143, the viral helicase and LEF-3, a ssDNA-binding protein, may represent virus species specificity determinants. P143 and LEF-3 are essential for DNA replication in these assays and together with IE-1, the major immediate-early transcription factor, may be part of the viral replisome. In the current report, a lef-3/p143 double-knockout AcMNPV bacmid was constructed that was defective for viral DNA replication and late gene expression. When the homologous lef-3/ p143 CfMNPV genes were introduced into this double-knockout bacmid, DNA replication was restored but the level of replication was lower, budded virus production was delayed, and the yields were reduced from those in an AcMNPV-rescue bacmid. These results suggest that to maximize virus replication, baculovirus replisome assembly and function requires protein-protein interactions between P143 and LEF-3, and other viral proteins.
Baculoviridae is a family of rod-shaped enveloped DNA viruses that only replicate in invertebrates. Generally, each baculovirus species exhibits a narrow host range. For example, Choristoneura fumiferana multiple nucleopolyhedrovirus (CfMNPV) infects only the spruce budworm (Choristoneura fumiferana). However, Autographa californica multiple nucleopolyhedrovirus (AcMNPV) replicates in hosts from several Lepidopteran families (Gröner, 1986) . Many genes, expressed at different points in the virus replication cycle, are predicted to play some role in the restricted baculovirus replication in non-permissive hosts (Thiem & Cheng, 2009) . Most of these genes are associated with viral DNA replication and late gene expression.
AcMNPV immediate-early (IE) proteins are required for stimulating the expression of delayed early genes, coding for proteins required for baculovirus DNA replication (Carstens, 2009) . AcMNPV p143, first identified by genetic analysis as a gene essential for in vivo baculovirus replication (Gordon & Carstens, 1984) and later predicted to function as a DNA helicase (Lu & Carstens, 1991) , may also play a role in the baculovirus species specificity (Argaud et al., 1998; Kamita & Maeda, 1997) . Attempts to complement AcMNPV P143 with P143 from Orgyia pseudotsugata multiple nucleopolyhedrovirus, Spodoptera exigua multiple nucleopolyhedrovirus or Trichoplusia ni granulovirus were unsuccessful (Ahrens & Rohrmann, 1996; Bideshi & Federici, 2000; Heldens et al., 1997) . We hypothesized that one reason these experiments failed was the lack of the appropriate LEF-3 (from the same virus species), required to recognize and transport P143 to the nucleus (Wu & Carstens, 1998) since GFP-tagged CfMNPV P143 was not transported by AcMNPV LEF-3 to the nucleus in co-transfected cells (Chen et al., 2004) . Not surprisingly, CfMNPV P143 could not substitute for AcMNPV P143 in transient replication assays. CfMNPV LEF-3 did support transient plasmid replication in the presence of AcMNPV replication genes, but did not support AcMNPV DNA replication when expressed in an AcMNPV LEF-3-knockout (KO) bacmid (Yu & Carstens, 2010) .
To continue our investigations into the role of LEF-3 and P143 in baculovirus replication, we constructed an AcMNPV p143 KO (bKO-p143), and AcMNPV and CfMNPV p143-rescue bacmids (bKO-p143-Ac and bKOp143-Cf) ( Supplementary Fig. S1 , available in JGV Online). The deletion of p143 and the restoration of AcMNPV p143 or CfMNPV p143 were confirmed by PCR ( Supplementary  Fig. S3 , available in JGV Online). Deletion of p143 was lethal because viral DNA and budded virus (BV) production were abrogated in its absence (Figs 1 and 2) . The p143 KO did not remove any other specific orf (except those included within the p143 ORF), but did remove the promoter region of orf96. The p143-rescue bacmid did not replace this promoter. However, the p143-rescue bacmid did produce BV, demonstrating that orf96 was not essential, consistent with the suggestion that ac96 encodes a per os infectivity factor not essential for infection in cell culture (Fang et al., 2009 ).
CfMNPV lef-3 and p143 can substitute for their AcMNPV homologues when co-transfected with plasmids expressing other AcMNPV replication proteins (Chen et al., 2004) . However, those assays could not provide information about late events so we exploited bacmids to investigate the ability of both CfMNPV lef-3 and p143 genes to complement their AcMNPV homologues in the context of the entire AcMNPV genome. We constructed a bacmid where both AcMNPV lef-3 and p143 were deleted. First, cat was removed from bKOlef3-cat (Yu & Carstens, 2010) to produce bAclef-KO-FRT. Then, p143 in bAclef-KO-FRT was replaced by cat to generate bKO-D ( Supplementary Fig. S2 , available in JGV Online). Finally, a replacement bacmid expressing both CfMNPV lef-3 and p143 was constructed. Escherichia coli DH10B cells carrying bKO-D-cat were transformed with pFAcT-Cflef3-Cfp143. Transposition of CfMNPV lef-3 and p143 into the polyhedrin locus led to the selection of bKO-D-Cf ( Supplementary Fig. S2 ). A rescue bacmid expressing both AcMNPV lef-3 and p143 was also constructed by transposing the entire AcMNPV lef-3 and p143 ORFs and their endogenous promoters from the donor plasmid pFAcT-Aclef3-Acp143 into the polyhedrin locus of bKO-D-cat to generate bKO-D-Ac ( Supplementary Fig. S2 ). Both bKO-D-Cf and bKO-D-Ac carried the polyhedrin gene derived from pFAcT (Dai et al., 2004) . A complete wild-type AcMNPV bacmid (bAcP), carrying the polyhedrin gene, was described previously (Yu & Carstens, 2010) . All bacmid constructs were confirmed by PCR ( Supplementary Fig. S3 ).
To investigate their replication functions, bacmid DNAs (1 mg) were transfected into Sf 21 cells. At 48 h posttransfection (p.t.), viral and cellular DNA were quantified using template-specific primers (Carstens & Wu, 2007) and relative viral genome copies per cell for each transfection was calculated ( Fig. 1a) (Yu & Carstens, 2010) . Input bacmid DNA was eliminated by DpnI digestion of samples prior to PCR. None of the KO bacmids produced detectable viral DNA, demonstrating that both lef-3 and p143 expression are essential for AcMNPV DNA replication. Rescuing with AcMNPV lef-3 or p143 in the single KOs or with both genes in the double-KO restored viral DNA replication to 30-50 % of bAcP-transfected cells. A slight increase from background (5-7 copies per cell of viral DNA) was consistently seen at 48 h p.t. in cells transfected with the single-replacement bacmids expressing either CfMNPV lef-3 (bKO-lef3-Cf) or p143 (bKO-p143-Cf). Replacement with both CfMNPV lef-3 and p143 in bKO-D-Cf resulted in about a 10-fold increase in replicated DNA (56 copies per cell), demonstrating that CfMNPV LEF-3 and P143 form a complex capable of complementing AcMNPV LEF-3/P143 to support AcMNPV DNA replication. However, the level of complementation was low when comparing rescue with the homologous AcMNPV genes.
An increase in replicated DNA was detected by 12 h p.t. in both bKO-D-Ac-and bKO-D-Cf-transfected cells, suggesting that the time of DNA replication initiation was the same for both bacmids (Fig. 1b) . By 21 h p.t., the level of bKO-D-Cf DNA was twofold lower than that of bKO-D-Ac DNA, indicating a reduction in accumulated viral DNA following the expression of CfMNPV LEF-3 and P143. We examined accumulation only to 24 h p.t. to ensure that a second round of virus infection was unlikely to influence the results. Viral DNA replication is considered essential for baculovirus late gene and BV expression. Therefore, we examined BV production in bacmid-transfected cells at various times p.t. by titration of supernatants by TCID 50 (Fig. 2a) . The single-KO bacmids produced no BV, confirming that AcMNPV lef-3 is essential (Yu & Carstens, 2010 ) and now, for the first time, that p143 is also essential in vivo for BV production. Single-KO bacmids rescued with AcMNPV lef-3 or p143 regained their ability to produce BV, detectable by 24 h p.t., and whose titres continued to increase to 96 h p.t. (Fig. 2a) . Knocking out both lef-3 and p143 inactivated BV production, while rescuing the double-KO bacmid with both AcMNPV lef-3 and p143 restored BV levels comparable with the single-KO rescue bacmids (Fig. 2a) . Replacement of either AcMNPV lef-3 or p143 with their CfMNPV homologues did not rescue BV production, even by 96 h p.t., indicating that on their own, these CfMNPV genes cannot complement their AcMNPV homologues in supporting DNA replication or BV production. Rescuing the double-KO bacmid with both CfMNPV lef-3 and p143 did recover BV production. However, BV detection was delayed until after 24 h p.t. and the titres obtained were only 0.2-1.0 % of the AcMNPV lef-3 and p143 doublerescue bacmid.
Differences in preparations could affect the transfection efficiency and productivity of the transfected DNA. To demonstrate that the growth curves were an accurate representation of BV production, supernatants from bAcP, bKO-D-Ac and bKO-D-Cf transfections were collected at 96 h p.t. and used to conduct a second series of growth curve experiments (Fig. 2b) . The results were similar to the direct DNA transfection experiments. bAcP and bKO-D-Ac BV titres increased dramatically between 12 and 24 h postinfection (p.i.) and continued to rise until about 72 h p.i. bKO-D-Cf titres rose slowly, only reaching a peak by 96 h p.i. and about 100-fold less than in bKO-D-Ac-transfected cells. Thus, BV production was restored but to a limited extent when both CfMNPV lef-3 and p143 were coexpressed in the presence of the other AcMNPV genes. Clearly, the low level of viral DNA replication resulted in low but detectable BV production.
We then determined if changing the LEF-3-P143 complex affected the accumulation of viral proteins during the first 24 h p.t. Levels of GP64 were reduced in cells transfected with bKO-D-Cf relative to bKO-D-Ac, but were detectable in the transfected cells by 9 h p.t. (Fig. 3a) . The same cell lysates were used to compare the expression of VP39, the major capsid protein. (Fig. 3b) . In contrast, DNAPOL accumulation increased dramatically in cells transfected with bAcP and bKO-D-Ac at 48 h p.t., but low or no increase was seen with bKO-D or bKO-D-Cf. To confirm this observation, transfections were repeated in three independent experiments and the mean relative DNAPOL expression at 24 h p. 6-fold higher than that with bAcP (Fig. 3c) . These results suggest that eliminating LEF-3 and P143 results in increasing accumulation of DNAPOL, and likely other early products including IE-1, IE-O and early expressed GP64 by 24 h p.t.
The AcMNPV polyhedrin gene was inserted into the polyhedrin locus of all bacmids to monitor very late expression. Cells transfected with bAcP, or with the rescue bacmids bKO-lef3-Ac, bKO-p143-Ac or bKO-DAc revealed normal polyhedra production by 48 h p.t. By 96 h p.t., nearly all cells contained many polyhedra (data not shown). No polyhedra appeared, even after 96 h, in cells transfected with bKO-lef3, bKO-p143, bKO-lef3-Cf or bKO-p143-Cf (data not shown). In contrast, cells transfected with the double-replacement bacmid bKO-D-Cf showed polyhedra by 48 h p.t. but the number of polyhedra-positive cells did not increase significantly at later times (Supplementary Fig. S4 ). As expected, bKO-Dtransfected cells revealed no polyhedra. These data demonstrate that the expression of both CfMNPV lef-3 and p143 along with the AcMNPV genome stimulated limited very late gene expression in the initially transfected cells but the lower level of total gene expression led to reduced BV production, suggesting that infection did not efficiently spread to other cells. These results correlate well with the reduced BV levels detected in transfected cells, probably resulting from lower levels of viral DNA.
Low levels of replicated viral DNA, late viral proteins, BV and polyhedra in cells transfected with bKO-D-Cf expressing both CfMNPV lef-3 and p143, strongly supports the hypothesis that there is a virus species restriction on the interaction between LEF-3 and P143 in the context of the complete viral proteome. These differences are also important for LEF-3-P143 interactions in the replication complex with other AcMNPV genes since replacing only lef-3 or p143 with their CfMNPV homologue did not result in any productive infection.
The level of DNA replicated by bKO-D-Cf was less than 10 % of that seen with bKO-D-Ac. This could be due to the lack of appropriate protein-protein interactions determined by differences in the primary amino sequences between the AcMNPV and CfMNPV proteins. CfMNPV LEF-3 and P143 sequence identity with the AcMNPV proteins are only 39 and 57 %, respectively (Chen et al., 2004) . Other proteins likely interacting with LEF-3 and P143 include DNAPOL (61 % identity), alkaline nuclease (52 % identity), IE-1 (44 % identity), LEF-1 (50 % identify) and LEF-2 (54 % identity) (de Jong et al., 2005) . There are probably at least two levels of interactions between P143 and LEF-3. The first is cytoplasmic where LEF-3 must interact directly or indirectly with P143 for nuclear transport (Wu & Carstens, 1998) . The second is at the DNA replication fork where P143 probably acts to unwind DNA, while LEF-3 binds to the unwound ssDNA. With SV40, there is progressive unwinding of DNA by large T helicase with subsequent loading of the single-strand-binding protein replication protein A (SSB RPA) to the extruded ssDNA, and eventually, loading of DNAPOL and primase to initiate strand synthesis (Jiang et al., 2006) . This could be a rate-limiting step if the efficiency of interaction between the helicase (P143), SSB (LEF-3) and DNAPOL were suboptimal. Our previous data suggest that AcMNPV IE-1, LEF-3 and P143 are closely associated on viral DNA (Ito et al., 2004) . If IE-1 acts as an initiator for viral DNA replication (Vanarsdall et al., 2007) , it is possible that the CfMNPV proteins cannot efficiently interact with AcMNPV IE-1. This could reduce the efficiency of DNA replication initiation, resulting in a lower level of viral DNA. Furthermore, a correlation between higher levels of IE-0 and slow progression to peak levels of DNA replication, late gene protein synthesis and reduced BV and polyhedra has been reported (Stewart et al., 2005) . Higher levels of IE-0 were observed when the CfMNPV LEF-3-P143 complex was present and this may affect other genes necessary for DNA replication and late gene expression. The LEF-3-P143 complex probably interacts closely with the viral DNA polymerase for efficient DNA replication. The fact that the abundance of DNAPOL and other early proteins increased at early times when both lef-3 and p143 were deleted suggests that there are important regulatory functions of these proteins that affect the expression of other replication proteins or that higher levels of early proteins results from a prolonged early phase in the absence of viral DNA replication. Threshold levels of either newly replicated viral DNA and/or BV-specific proteins may be required before efficient packaging and budding can occur.
The level of viral DNA replication and BV production following CfMNPV infection of Cf cells is lower than with AcMNPV infection of Sf 21 cells (Liu & Carstens, 1993) . Apparently, the CfMNPV replication machinery is less efficient than AcMNPV, so the current data suggest that the LEF-3-P143 complex may contribute to this observation. AcMNPV was chosen as the model alphabaculovirus due to its ability to replicate quickly and to high titres in a variety of host cells (Vail & Jay, 1973) . If AcMNPV lef-3 and p143 could be introduced into the CfMNPV genome, this might produce a more efficient CfMNPV replication complex altering its replication rate and virulence.
